Grasshoppers of the species Melanoplus differentialis were injected with tritiumlabelled thymidine. At intervals thereafter autoradiographic stripping film was applied over Feulgen squashes and sections. In this species during early prophase of meiosis the sex chromosome forms a heterochromatic block large enough to be resolved in tritium autoradiographs. A study of the squash preparations reveals that the sex chromosome is synthesizing DNA at a different period of time from the euchromatic autosomes. Since there is a developmental sequence of spermatocyte cysts along the testicular tubes it is possible from the sections to show that the heterochromatin synthesizes DNA later than does the euchromatin. To find out whether the results obtained in Mdanoplus were characteristic of heterochromatin in general, young seedlings of rye were grown in a tritiated thyrnidine solution and Feulgen squashes were made as for Mdanoplus. In rye leaf nuclei there is a large block of heterochromatin constituted by the proximal regions of the chromosomes and a euchromatic one formed by the median and distal regions of the same chromosomes. Here also the heterochromatin synthesizes DNA at a different period of time from the euchromatin. It is concluded that in rye the asynchrony of synthesis occurs within each chromosome. Counts of silver grains over the two types of chromatin in nuclei of Melanoplus and Secale disclosed that the number of grains per unit area was two to three times higher over the heterochromatin. To check the DNA content, Feulgen photometric measurements were made of Mdanoplus nuclei at the same stage. The Feulgen and grain counts agree in showing that the heterochromatin contains two to three times more DNA per unit area than the euchromatin.
INTRODUCTION
Photometric measurements of Feulgen-stained nuclei were undertaken originally to test the constancy of D N A content in relation to chromosome number. The emphasis was placed on the D N A content per nucleus before and after replication rather than on questions of turnover and synthesis during mitosis. The large mass of data * This work was carried out at the Department of Botany, University of Illinois, and at the Institute for Cancer Research, Philadelphia, during the tenure of a Rockefeller Foundation Fellowship and a Fellowship from the I.C.R., Philadelphia. Supported by a grant from the Natural Science Research Council of Sweden.
~: Permanent address: Institute of Genetics, University of Lund, Lund, Sweden. assembled during the last decade has shown the original hypothesis to be generally valid (Boivin el al., 1948; reviews in Vendrely, 1955; Brachet, 1957) .
The technique had, however, its limitations. For the sake of simplicity D N A was assumed to be synthesized simultaneously in all the chromosomes of a nucleus. With the degree of precision allowed by the photometric method, the range of values found between the 2C and 4C classes could not be analysed in terms of the replication of individual chromosomes (Swift, 1950; Walker and Yates, 1952) .
The recent introduction of tritium-labelled D N A precursors (Taylor, Woods, and Hughes, 1957) combined with the autoradiographic strip-458 UPTAKE OF TRITIATED THYMIDINE ping film technique (Doniach and Pelc, 1950) permits now the study of DNA synthesis in single chromosomes or chromosome segments that are as little as 1 micron apart. This is the average range of tritium beta particles in tissue , and each effective beta particle forms only one or two silver grains in the stripping film emulsion that is applied over the cell (Herz, 1959) .
Since heterochromatic chromosome regions are regarded as being out of phase relative to other chromosome segments in respect to the cycle of division and condensation (Heitz, 1928; Darlington and La Cour, 1940; White, 1954) . These were chosen to be studied with the autoradiographic technique in order to test the timing of replication among chromosomes of the same nucleus and within single chromosomes. In a preliminary note (Lima-de-Faria, 1959) heterochromatin was described as synthesizing DNA at a different time from euchromatin. This paper is a detailed report of these experiments.
Materials and Melhods

A. M danoplus differenlialis--General
Technique.-Grasshoppers of the species Mdanoplus differentialis d~fferen, tialis Thomas (2n = 22 + X in the male) were raised from eggs kindly supplied from Dr. T. Tahmisian of the Argonne National Laboratory. The animals were injected with tritiated thymidine at the last nymphal stage, at which period of development the testis shows many spermatocytes at the onset of meiosis. Tritiated thymidine purchased from Schwarz Laboratories, Mount Vernon, New York, was injected into the abdominal cavity using a 28 gauge needle and a I ml. tuberculin syringe graduated in 0.01 ml., at a concentration of 500 /~c./ml. (specific activity 0.360 curie/raM.). Each animal received 0.02 to 0.04 ml. Thymine occurs mainly in DNA and thymidine is incorporated effectively into DNA, Previous to and during injection the grasshoppers were anesthesized with CO2. They were kept in position by covering the thorax of the animal with a ribbon of filter paper that was fixed by pins to a board. The injection was given through the side of the abdomen at the 3rd abdominal segment (counting from the thorax). With the use of a thin needle and anesthesia there is practically no loss of fluid from the abdomen, and the animals recover without signs of injury. Of the 170 animals injected only three died, Testes were removed after 2 to 7 days and fixed in acetic-alcohol 1:4. Each testis was divided into three parts, one to be used for squashes, another for sections and the third for photometric studies.
B. Squashes.-From the fixative the testicular tubes were placed in water for 1 hour, hydrolyzed in N/1 HC1 at 60°C. for 10 minutes, passed through water (1 minute), and stained for 1 to 2 hours in fuchsinsulphurous acid. Particular care was taken to obtain evenly distributed and well flattened cells (Lima-deFaria, 1952) . This was done to ensure intimate contact of the stripping film emulsion with the cells. The material was squashed in 45 per cent acetic acid, the coverslips were removed by the dry ice technique, and the slides were passed through the alcohol series: I00 per cent, 70 per cent, 35 per cent to water. Autoradiographic stripping film from Kodak, Ltd., England (AR-10) was applied in the usual way (Fitzgerald, 1955) , and the preparations were exposed either for 2 weeks or for 1 month in boxes kept in a refrigerator (0-4°C.). The preparations were developed in Kodak D-19 and fixed with Kodak F-6 (1:2 parts of water) according to S. Takats (personal communication). After that, the slides were washed in running water for 2 hours, rinsed in distilled water, and finally air-dried. Such slides may be observed by placing immersion oil directly on the film (Gall, 1959) .
C. Sections.--The testes were taken from the fixative, dehydrated in 100 per cent alcohol, transferred by steps to mixtures of ethanol-butyl alcohol, and embedded in paraffin. The sections were cut with a rotary microtome at 2/z. No special device was used. After sectioning, the slides were passed through xylol and the alcohol series to water. Hydrolysis in N/1 HCI at 60°C. followed for 15 minutes. Subsequently, the preparations were passed through water (2 minutes) and immersed in fuchsin-sulphurous acid for 2 hours. Finally the slides were rinsed in SO2 water (3 changes), passed through distilled water, and autoradiographic film applied.
D. Scintillation
Counling.--To calculate the thne during which the tritiated thymidine was available in the body fluid a Tri-Carb liquid scintillation spectrometer made available by the Rohm & Haas Company, Philadelphia, was used. In connection with the use of the scintillator, it is a pleasure to acknowledge the assistance of my colleagues, Drs. G. Rudkin and D. Glusker. After injection of 15/zc, a 10/zl. sample of body fluid was taken at regular intervals (each time from a different animal) and diluted in a scintillator solution for aqueous samples. In order to measure the total body fluid, 5 animals were cut open, the main body segments separated, and the body fluid centrifuged out for l minute at 200 R.P.M. The total body fluid was found to be of the order of 0.10 ml. at the last nymphal stage.
E. Photometric 3leasurements.--A portion of the same testis used for autoradiography was used for the photometric measurements. The material was removed from the fixative, transferred to water over night, hydrolyzed for 10 minutes, rinsed in water for 1 minute, and immersed in fuchsin-sulphurous acid for 2 hours. The material was squashed in 45 per cent acetic acid between slide and coverslip and at once inverted over A. LIMA-DE-FARIA 459 dry ice. The coverslip was removed and the slide passed through the alcohol series to alcohol-xy]ol, xylol. The preparations were mounted in oil n D 1.540, and evaluated by scanning microphotometry, using the instrument described by Caspersson et al. (1953) F. Secale cereale.--Young seedlings of cultivated rye (n = 7) were grown in a mineral solution to which tritiated thymidine had been added in a concentration of 3 #c./ml. (specific activity 1.9 curie/m•.). The coleoptile was removed to allow better contact of the solution with the youngest leaf. However, the tritium most probably did not penetrate through the leaves but found its way into them by way of the roots or the scars resulting from the removal of the coleoptile. The seedlings were allowed to grow for 8 hours in the tritiated thymidine solution, after which they were quickly washed in water, and subsequently grown for 18 hours in the mineral solution without tritiated thymidine. In a second set of experiments, the seedlings were allowed to grow in the tritiated thymidine solution for 26 hours. Following these treatments, the innermost leaf was fixed in acetic-alcohol (1:3) and stained with Feulgen as was done with Melanoplus. The squashes were made taking the same precautions as with the grasshopper cells, and the same procedure was followed concerning the other details of the technique. The slides were developed after 4 and 11 days' exposure. No colchicine was used in any of the experiments, either with Melanoplus or Secale.
RESUL~-'S
During early prophase of meiosis in Melanoplus, the sex chromosome forms a heterochromatic block with a diameter of 2.5 to 3 microns. This body is thus large enough to be resolved in tritium autoradiographs.
Tritiated thymidine is supposed only to be incorporated at the time of DNA replication, which takes place during interphase. In Melanoplusdiflerentialis the synthesis of DNA prior to the first meiotic division is known from photometric Feulgen measurements to take place during gonial interphase and before leptotene (Swift, 1953) . Animals that were fixed 5 to 7 days after injection showed labelling in stages ranging from leptotene to middle pachytene. The early stages of the prophase of meiosis will be described here as leptotene, zygotene, zygotene-pachytene, early pachytene, middle pachytene, and late pachytene.
The bouquel condition, allied with close packing of the chromosomes, makes it difficult actually to see zygotene pairing. The early stages are distinguishable mainly on the bases of chromosome thickness, nuclear compactness, and size.
A study of the squash preparations revealed that the autosomes and the sex chromosome were not equally labelled. Four categories of nuclei were found: unlabelled, labelled only in the euchromatic autosomes, labelled in both hereto-and euchromatin, and with grains only over the heterochromatic sex chromosome (Figs. 1 to 12). These nuclear classes were found at stages ranging from leptotene to middle pachytene. Due to the relatively large size of the sex chromosome block, the differential uptake of the isotope was clear cut.
The simple finding of nuclei labelled in the heterochromatin is not sufficient evidence to conclude that the heterochromatin synthesizes DNA at a different time from the euchromatin. Labelling in the sex chromosome could be attributed to: (1) a simple increase in specific activity, or (2) an uneven contact with the fihn. The first possibility is excluded by the observation of nuclei showing the reverse picture; i.e., labelled only in the euchromatin (Figs. 7 to 9). This category of nuclei was found in over 300 cells. The second possibility is excluded by (a) the finding in over 300 cells of labelling not at random within the nucleus but confined to the sex chromosome ( Fig. 19 ), (b) the presence of nuclei that do not show labelling in the heterochromatin but show the surrounding euchromatin fully labelled, (c) the quality of the squashes being such that the nuclei are flattened to an extremely thin sheet, permitting even contact with the emulsion, and (d) the fact that in the 2/z sections the same picture is seen: labelling is strictly confined to the heterochromatic block in one cell group or to the euchromatin in another group of cells (Figs. 20 and 21) . Thus, the heterochromatic sex chromosome is synthesizing DNA during a different period from the euchromatic autosomes. There is an intermediate period during which both chromatin types are synthesizing either at the same time or at close intervals, revealed by the class of ceils labelled in both eu-and heterochromatin.
During the first prophase of meiosis in Melano- plus, the chromosomes form what is called the bouquet. This is a phenomenon of wide occurrence in animals (White, 1954) . The ends of all the autosomes are gathered together in one region, in this species, around the sex chromosome (Fig.   13 ). The bouquet condition is best seen at late pachytene, but the same orientation is present at earlier stages.
If DNA synthesis follows a definite pattern in the autosomes, orientation in a bouquet would lead to an oriented pattern of emulsion silver grains. However, the pattern of the grains would not necessarily be regular even if the synthesis were. This statement is made for two reasons: (1) the chromosomes are of different lengths and the middle regions of a short chromosome are far away from those of a long chromosome; (2) the kinetochores of the autosomes are terminal so that half of the "ends" are telomeres and half are kinetochores. If the chromosomes start synthesizing at the telomeres and finish at the kinetochores, only half of the "ends" in contact with the sex chromosome would synthesize at one time. Among the autosomes there is also an asynchrony in replication (Figs. 13 to 18 ). The unlabelled bouquet condition is seen in Fig. 13 . In Fig. 14 the heterochromatic block is labelled but the autosomes are unlabelled, and in Fig. 15 the heterochromatic block is also heavily labelled but besides most, but not all, of the "ends" around the heterochromatic block are labelled and can be seen converging toward the sex chromosome. This may represent a situation in which either the telomeres or the kinetochores were synthesizing at the time of fixation, but not the rest of the autosomal material. However, only from a study of late pachytene may one gather final information on the replication pattern followed by the autosomes.
In other cells apparently all autosomes are not replicating at the same time. In Figs. 16 and 17 only the regions opposite the sex chromosome are labelled at the same time as it is. In Fig. 18 a row of grains is seen running across the nucleus into the heterochromatic sex chromosome as do the autosomes. This apparent differential labelling may be correlated with the observation that at diakinesis some of the autosomes exhibit a slight degree of heteropycnosis.
No indication that this differential labelling of the autosomal material might be due to uneven contact with the film is found in the study of the preparations: (1) as already pointed out the nuclei are well squashed and evenly flattened; (2) the sex chromosome is well labelled either close or far away from the region of labelled autosomal material, and between them is an equally dense zone of material that is not labelled; (3) the emulsion grains follow the pattern that the chromosomes do in the bouquet; and (4) the unlabelled and labelled chromosomes are exactly at the same focus.
These results do not, however, allow a distinction to be made between single chromosomes and chromosome regions. The evidence available only discloses that different autosomal regions apparently synthesize DNA at different times. This problem is being studied further.
To find out what the sequence of events is in the synthesis of hetero-and euchromatin one needs to use methods other than those employed in making squashes.
In Melanoplus, as in other grasshoppers, the testis is composed of a large number of testicular tubes (Text- fig. 1 ). At the distal region of these tubes spermatogonia are found in cysts. The onset of meiosis is marked by the development of the spermatogonia into spermatocytes. Within each cyst all the cells are synchronized in their stage of meiotic division. The cysts move along the tube towards the proximal end, so that from their relative position, one can tell which are developmentally the most advanced.
The study of the sections of the testes reveals: (1) that within each cyst the spermatocytes are synchronized in their DNA synthesis, the cells of one cyst are found to be labelled only in the heterochromatin, the cells of another cyst only in the euchromatin; and (2) that DNA is synthesized in the heterochromatin later than in the euchromatin, because the cysts that exhibit labelling in the sex chromosome are those closest to the proxima| 
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TExT-Fro. 2. Camera lucida drawing of a section of a testicular tube showing a cyst labelled in the heterochromatin in a more advanced position and representing a later stage than the cyst labelled in the euchromatin. In Text- fig. 2 , the cyst that is more advanced both in meiotic stage and in position along the tube is the one labelled in the heterochromatin. But as the difference in position between the two cysts is not great, this is not considered a clear cut case. On the other hand, in Text- fig. 3 the two labelled cysts are one on the top of the other and on the same side of the tube. Here the evidence is clear. The tritium was incorporated into heterochromatin later than into euchromatin.
By studying the amount of labe]ling in the two types of chromatin it was found that a greater UPTAKE OF TRITIATED THVMIDINE 15.4 were starting or finishing synthesis. In Table I are assembled the data of silver grain counts in the heterochromatin and euchromatin. These counts were made for areas of corresponding size in different cells using a grid in the microscope Cyto-eyepiece. As a check of the background, counts The abscissa is distance in the direction of scanning; the ordinate the reciprocal of the transmittancy at 490 m~z. The larger peaks marked X-ehr. are due to the heterochromatic block; the other smaller peaks due to autosomal structures. concentration of grains occurred over the sex chromosome than over the autosomes. To make these measurements, cells were selected which showed maximum labelling either in the eu-or in the heterochromatin, and, as a control, counts made in cells that showed less labelling; i.e, that traces. The absorbancy of the X-chromosome, and of each of the autosomal peaks was determined, with the results shown in Table I Absorbancies of Feulgen-stained structures by scanning microphotometry at 490 m#. The ratio of the absorbancies is a measure of the relative amount of DNA per unit of area in the two types of structure.
degree of condensation of the chromosomes in various nuclei. These data reveal that the concentration of DNA is three times higher in the sex chromosome than in the autosomes. The Feulgen measurements and the grain counts thus agree in showing that the heterochromatin contains between two and three times more DNA per unit area than the euchromatin of the autosomes.
From Text- fig. 5 , which summarizes the results from the liquid scintillation spectrometer determinations on the grasshopper body fluid, it may be seen that of the original 15 #c. of tritiated thymidine injected into the abdomen of each animal, approximately half had been consumed after 15 minutes, and that after 1 hour most of the tritiated thymidine had been used up. After this time the curve leads to a plateau of radioactivity which is most probably due to other labelled compounds into which the tritiated thymidine had been converted or to body fluid cells which may have incorporated thymidine.
The general picture of the replication process may be depicted as follows (Text-fig. 6 ). The labelled thymidine is only available for a short period of time. It is known from the sections that the most advanced cells are the ones labelled in the heterochromatin. If a nucleus had synthesized both in eu-(E) and heterochromatin (H) before the tritium became available it would be unlabelled (Text- fig. 6 , top row). A nucleus that was less advanced, that had already synthesized in eubut not in heterochromatin when the tritium became available, would be labelled only in the heterochromatin (second row); a nucleus that was still less advanced would be labelled in both chromatin types. Finally, a nucleus that was in an even earlier stage, that had synthesized in euchromatin, while the tritiated thymidine was still available, and in heterochromatin only after the thymidine was exhausted, would be labelled only in the euchromatin (fourth row). In order to find out whether the results obtained in Melanoplus were characteristic only of its sex chromosome or of heterochromatin in general, another organism was chosen which differs considerably from it, but which is similar in that it possesses one large block of heterochromatin in each nucleus. The chromosomes of cultivated rye are known to have heterochromatic proximal regions. Each chromosome of the complement exhibits both at pachytene (Lima-de-Faria, 1952) and at prophase of mitosis (Tjio and Levan, 1950) heavily stained thick regions on both sides of the kinetochore. The median and distal regions of these chromosomes are euchromatic and thin. At the very ends most arms exhibit a knob (Text-fig. 7 ). Since all the kinetochores have a median or submedian position, all densely stained proximal regions gather together at telophase to form a heterochromatic block, and all the median and distal regions form a euchromatic area (Figs. 22 and 24) .
UPTAKE OF TRITIATED THYMIDINE
[ VIllA . Graphic summary of the replication process in grasshopper spermatocytes. The bars represent nuclei in the process of DNA synthesis (E = euchromatin, H = heterochromatin). The figures in the right column represent the type of labelling found, based on evidence from the sections. For further explanation see text. In rye leaves, grown in tritiated thymidine, four categories of nuclei were also found: (1) unlabelled, (2) labelled only in euchromatin, (3) labelled in both chromatin types, and (4) with grains only over the heterochromatin (Figs. 22  to 30 ). These nuclear classes were present in both the 8 hour and 26 hour treatments, and the picture is as clear cut as in Melanoplus.
Since the nuclei are not synchronized in the leaves it cannot be decided which is the sequence of events during replication, but if one extrapolates from M e l a n o p l u s --w h e r e the euchromatin is Taylor (1958) , who found replication in Crepis chromosomes to start at the ends. In rye, as in Melanoplus, the heterochromatin contains a greater number of silver grains per unit area than the euchromatin, suggesting a two to three times higher concentration of D N A (Table III) .
In this species the asynchrony of synthesis occurs within each chromosome, since all the euchromatic regions are not replicating simultaneously with the heterochromatic ones.
DISCUSSION
In spite of the presence of a wide range of intermediate values between the 2C and 4C classes of DNA, as measured in Feulgen-stained nuclei and with the ultraviolet technique (Swift, 1950; Walker and Yates, 1952) , DNA has been assumed to be synthesized at the same time in all the chromosomes of one nucleus (Swift, 1953) . The photometric studies were not precise enough, to distinguish between that and other alternatives.
The autoradiographic technique used with tritium is sufficiently accurate to disclose that within a nucleus not all chromosomes are synthesizing DNA at the same time (as the sex chromosome in Melanoplus) and that asynchrony occurs along single chromosomes (as found in rye). This was to be expected if one considers the genetic and structural diversification among and within the chromosomes of a genome. The sex chromosome of Melanoplus exhibits two distinctly separated chromatids only at the 2nd division, whereas the autosomes already show this condition at diplotene. In this case the original replication of the chromosomal material has the same relative timing as the actual separation of the chromatids--both events are later than in the a u t o s o m e s , Within a chromosome the proximal regions of the arms are known to be the last parts of the two sister chromatids to separate at the end of mitotic metaphase (Lima-de-Faria, 1953 . This is a phenomenon found in rye and in many other plant and animal species. The differential replication of the proximal heterochromatic regions of rye with respect to the median and distal ones suggests that also in this case the two stages of division follow each other closely. Further information is needed regarding specific chromosome segments, and their degree of polyteny, in order to obtain a more precise picture of the interrelationships existing among the successive stages of chromosome division.
Many types of evidence, especially from transformation in bacteria, indicate that DNA is the main carrier of genetic information (Hotchkiss, 1955; Sinsheimer, 1957) . This is most significant in connection with our knowledge of heterochromatin. For a long time it has been known that heterochromatin contains DNA (Schultz, 1936; Caspersson, 1941) , but this information was disregarded or ignored because at that time: (1) protein was considered as also being genetic material, and (2) results from genetic crosses failed to show any large number of major genes in the heterochromatin. In subsequent years more refined genetic studies have, however, been carried out in an attempt to show heterochromatin to contain genes that differ in their level or manner of expression. The heterochromatin contains genes with discrete effects (Mather, 1944) , or genes that reveal their effects at the chromosome instead of at the organism phenotype. In Drosophila the heterochromatin affects the shape and DNA content of chromosomes (Caspersson and Schultz, 1938; Schultz, 1944) and the Y chromosome has a strong effect on the synthesis of nucleic acid bases, by doubling the content of purine compounds and affecting the base ratios (Travaglini, Levenbook, and Schultz, 1958) . In maize, the heterochromatic knob of the short arm of chromosome 9 can no longer be considered genetically inert, since it is instrumental in producing preferential segregation when abnormal chromosome 10 is present in the nucleus (Rhoades, 1952) .
From the present autoradiographic work it appears that the out-of-phase condition of heterochromatin is also characteristic of the synthesis of its DNA molecules. Within a chromosome complement, or within a chromosome, a process of differentiation that led to different genes replicating or acting at different times might have been favored since it would be one way to produce successively timed reactions, a condition essential for the metabolism of a cell and for the occurrence of differentiation within an organism.
The genetic material of the heterochromatic segments in replicating later than that of the euchromatic regions makes itself available for the release of genetic information at a different time. This is particularly significant, since we know that the content in basic proteins doubles at precisely the time of DNA doubling (Alfert and Bern, 1955, and Bloch and Godman, 1955) and follows the pattern of DNA replication (Gall, 1959) . Among the tasks that lie ahead are: (1) to determine whether the asynchrony in replication of DNA is reflected in the synthesis of basic proteins, and (2) to determine whether the DNA of heterochromatin is more or less "metabolic" than that of euchromatin. FIGs. 14 and 15. [.ate pachytene. In Fig. 14, only the sex chromosome is labelled. In Fig, 15 , the heterochromatic block is also heavily labelled; in addition, most, but not all of the "ends" around the heterochromatic block are labelled, and can be seen converging into the sex chromosome.
F~GS. 16 to 18. Zygotene-pachytene nuclei showing the sex chromosome heavily labelled and only part of the autosomes labelled. In Fig. 16 , only a section opposite the sex chromosome has grains; in Fig. 17 , there is a circular unlahelled zone around the labelled sex chromosome; and in Fig. 18, a string FI~s. 25 to 27. Nuclei belonging to the spherical type: labelled only in the euchromatin (Fig. 25) , labelled in both eu-and heterochromatin (Fig. 26) , and labelled only in the heterochromatin (Fig. 27) .
FIGS. 24, and 28 to 30. Nuclei of the kidney-shaped type showing the heterochromatin on the concave side of the nucleus. (Lima-de-Faria: Uptake ot tritiated thymidine)
